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³,GHFODUH WKDW WKLVSURMHFW UHSRUWHQWLWOHG³,PSURYLQJ1HXUDO1HWZRUN7UDLQLQJ8VLQJ
([SHULPHQW'HVLJQ$SSURDFK´ LV WKH UHVXOWRIP\RZQUHVHDUFKH[FHSWDVFLWHG LQ WKH








1DPH   &+21*:(,.($1





















































































7KLV SURMHFW LQYROYHV WKH XVH RI 1HXUDO 1HWZRUNV 11 IRU IXQFWLRQ
DSSUR[LPDWLRQ  &RQYHQWLRQDOO\ WKH SDUDPHWHUV RI D QHXUDO QHWZRUN DUH WXQHG E\
PLQLPL]LQJDQREMHFWLYHIXQFWLRQEDVHGRQDSUHGHWHUPLQHGVHWRIWUDLQLQJGDWD7KLV





IURP LQSXW VSDFH IRU QHXUDO QHWZRUNV ZKLFK LQFOXGH 'RSWLPDO DQG0D[PLQ GHVLJQ
DSSURDFKHV&RQVLGHUDIXQFWLRQDSSUR[LPDWLRQSUREOHP1HXUDO1HWZRUNXVLQJ5DGLDO
%DVLF)XQFWLRQVWUXFWXUHDQGOLPLWWKHDPRXQWRIWUDLQLQJGDWDVD\PIURP1DPRXQW
RISRVVLEOHGDWD 5DQGRPO\VHOHFW WKHPGDWD VHW IRUFRQYHQWLRQDO WUDLQLQJDOJRULWKP




XQNQRZQ IXQFWLRQ EHWWHU WKDQ WKH 11 WKDW LV WUDLQHG ZKHQ WKH GDWD DUH VHOHFWHG

















3URMHN LQL PHOLEDWNDQ SHQJJXQDDQ 1XHUDO 1HWZRUN 11 XQWXN WXMXDQ
SHQJKDPSLUDQIXQJVL /D]LPQ\DSDUDPHWHU\DQJGLJXQDNDQGDODP11DGDODKGLODUDV
EHUDVDVNDQVHWGDWDODWLKDQ\DQJGLWHWDSNDQSDGDWDKDSDZDO,QLDGDODKSDVLI11KDQ\D
GDSDWEHODMDUGDULSDGD FRUDN ODWLKDQ \DQJGLWXQMXNNDQROHKJXUX DWDXSHUVHNLWDUDQQ\D
,QLDNDQPHQMDGL OHELKEHUJXQD MLND11GDSDWPHPSHUROHKGDWD ODWLKDQVHFDUD³DNWLI´





GLSLOLK PHODOXL GXD FDUD LDLWX VHFDUD UDZDN GDQ ([SHULPHQW 'HVLJQ 'RSWLPD GDQ
3HQGHNDWDQ-DUDN0D[PLQ%DQGLQJNDQSHQFDSDLDQPHUHND.HSXWXVDQQ\D11\DQJ
PHQJJXQDNDQ([SHULPHQW 'HVLJQ DGDODK OHELK EDLN GDULSDGD 11 \DQJ PHPLOLK GDWD
VHFDUD UDZDN  'LSHUKDWLNDQ EDKDZD 3HQGHNDWDQ -DUDN 0D[PLQ WLGDN EHUJDQWXQJ
































































































































 )XQFWLRQ FRV  [H\    
 ,QSXWGDWD1  
 ,QSXWGDWD1  




 5%)ZLWK6SUHDG  
 5%)ZLWK6SUHDG  



















































\a   3UHGLFWHGRXWSXW
;   (QYLURQPHQW
 (   ([SHFWDWLRQ
K   /LQHDUPRGHOZLWKXQNQRZQSDUDPHWHU
1   7RWDOQXPEHURIREVHUYDWLRQWREHWDNHQRUVDPSOHGIURP [ 
P   2UGHURISRO\QRPLDO
YDU   9DULDQFH
E   9HFWRURIUHJUHVVLRQSDUDPHWHU
H   (UURUYHFWRU
.   3RVLWLYHFRQVWDQW
[   3UREDELOLW\PHDVXUHRQ ; 
G   ([DFWGHVLJQ
 [LLL
0   ,QIRUPDWLRQPDWUL[
S   'LPHQVLRQRILQIRUPDWLRQPDWUL[
))    'DWDFRYDULDQFHPDWUL[RUGHVLJQPDWUL[

[    1HZVDPSOHGDWD
G   'LVWDQFHEHWZHHQDSRVVLEOHQHZVDPSOHDQGH[LVWLQJVDPSOH
[   ([LVWLQJVDPSOH
Z   :HLJKWV
(   7RWDOHUURURIWKHV\VWHP
6   1XPEHUVRIQHXURQVDQGFHQWHUV
 I   %DVLF)XQFWLRQ
   (XFOLGHDQQRUP
]   6SUHDGRU³ZLGWK´RI5%)
	P   0HDQVRIGDWDSRLQWV


























































7KH SUREOHP RI IXQFWLRQ DSSUR[LPDWLRQ LQYROYHV WKHPRGHOLQJ RI DQ XQNQRZQ




LWV VWUXFWXUDO VLPSOLFLW\DQG IDVWHU OHDUQLQJDELOLWLHV  7KH WUDLQLQJSURFHGXUHVDUHZHOO
NQRZQ  $Q5%)QHXUDOQHWZRUNLVJHQHUDOO\WUDLQHGLQWZRVWHSVRQHDIWHUDQRWKHU,Q
WKH ILUVW VWHS WKH FHQWHUV RI KLGGHQ OD\HU QHXURQV DUH VHOHFWHG  7KHQ WKH ZHLJKWV








QHWZRUNV ZKLFK LQFOXGH 'RSWLPDO DQG 0D[PLQ GHVLJQ DSSURDFKHV  &RQVLGHU D
IXQFWLRQ DSSUR[LPDWLRQ SUREOHP IRU D OLPLWHG DPRXQW RI GDWD VD\ 1  5DQGRPO\
VHOHFWWKH1GDWDVHWIRUFRQYHQWLRQDOWUDLQLQJDOJRULWKP7KHQVHOHFW1GDWDVHWE\XVLQJ













/67HFKQLTXHDQG WRFRPSDUH WKHSHUIRUPDQFHEHWZHHQ WKH FODVVLFDO DSSUR[LPDWLRQ
'RSWLPDODQG0D[PLQ'LVWDQFH0'$SSURDFKDSSUR[LPDWLRQ




















































&KDSWHU WZR SUHVHQWV WKH LQWURGXFWLRQ RI ([SHULPHQW 'HVLJQ LQFOXGHG 'RSWLPDO
DQG 0D[PLQ 'LVWDQFH $SSURDFK /HDVW 6TXDUH 7HFKQLTXHV 1HXUDO 1HWZRUNV ZKHUH
5%)DVWKHFDVHVWXG\

&KDSWHU WKUHHVKRZV WKHSUHOLPLQDU\UHVXOWDQGGLVFXVVLRQEDVHRQ LPSOHPHQWDWLRQ
RIIXQFWLRQDSSUR[LPDWLRQXVLQJ/HDVW6TXDUH7HFKQLTXH






































/HDVW VTXDUH WHFKQLTXH LV XVHG IRU IXQFWLRQ DSSUR[LPDWLRQ %HORZ DUH WKH
IXQGDPHQWDOWKHRULHV

 &RQVLGHU DQ LQSXW VHW RU HQYLURQPHQW ;   $W HDFK SRLQW [ LQ ;  WKHUH LV D
SRWHQWLDO REVHUYDWLRQ [\ DQG LWV H[SHFWDWLRQ RU DYHUDJH LV JLYHQ E\    
 4 [[\( K ZKHUH  4[K LV D OLQHDU PRGHO ZLWK XQNQRZQ SDUDPHWHUV
ZKLFKDUHWKHHQWULHVRIWKHYHFWRU  4 5  

 7\SLFDOO\  4[K  LV D SRO\QRPLDO GHILQHG DV





 'HILQHDQH[DFWRUDGLVFUHWHGHVLJQWREHWKHFKRLFHRI1SRLQWV [[[  	
 . 
LQ [ )RU DQ H[DFW RU GLVFUHWH H[SHULPHQW REVHUYDWLRQV   [\[\ . DUH
DVVXPHG WR EH XQFRUUHODWHG ZLWK HTXDO YDULDQFH V  +HQFH IRU D SDUWLFXODU
REVHUYDWLRQ JK 4  [[\   ZKHUH J  LV WKH H[SHULPHQWDO HUURU KDYLQJ


















































      
                
 *LYHQDVHWRI 1 VDPSOHGSRLQWVOHW

> @[[[[J .   DQG      
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[\ 0   DQG       





















































































    
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
 'LIIHUHQWLDWHHTXDWLRQ  DQGVHWWR]HURWRJHW

  \))) %% &a ' T       









7KH H[SHULPHQWDO WHFKQLTXHV RI SODQQLQJ DQG RUJDQL]LQJ WKH H[SHULPHQWVPD\ EH
GHILQHG DV WKH PHWKRG RI FKRRVLQJ WKH SURSHU QXPEHU RI WHVWV DQG WKH FRQGLWLRQ RI















DVH[SHULPHQWDOGHVLJQKDVEHHQDURXQG IRUPDQ\GHFDGHVDQG LVZHOO GRFXPHQWHG LQ




:KLOH WKHVH PHWKRGV ZHUH GHYHORSHG ZLWK SK\VLFDO H[SHULPHQWV LQ PLQG OLNH
DJULFXOWXUDO RU LQGXVWULDO DSSOLFDWLRQV WKH\ FDQ IDLUO\ HDVLO\ EH XVHG LQ FRPSXWHU
VLPXODWLRQ H[SHULPHQWV  ,Q IDFW XVLQJ WKHP LQ VLPXODWLRQ SUHVHQWV VHYHUDO






DQDO\VLVFRGHDQGREVHUYH WKHHIIHFWVRU WR UDQGRPO\DVVLJQGLIIHUHQWFRPELQDWLRQVRI
IDFWRU VHWWLQJV WREHXVHGDVDOWHUQDWLYH DQDO\VLV IRUFRPSDULVRQ([SHULPHQWDOGHVLJQV
WHFKQLTXHVGHYHORSHGIRUHIIHFWLYHSK\VLFDOH[SHULPHQWVKRZHYHUDUHEHLQJDSSOLHGIRU
WKH GHVLJQ RI HQJLQHHULQJ FRPSXWHU H[SHULPHQWV WR LQFUHDVH WKH HIILFLHQF\ DQG
HIIHFWLYHQHVVRIWKHVHDQDO\VLVFRGHV 

$Q H[SHULPHQWDO GHVLJQ IRUPDOO\ UHSUHVHQWV D VHTXHQFH RI H[SHULPHQWV WR EH












7KHUH DUH VHYHUDO (' $SSURDFKHV VXFK DV (RSWLPDOLW\ $RSWLPDOLW\













'HILQH () *,+ -;  DV GHVLJQ PDWUL[ ./ 0,1 2E DV YHFWRU RI UHJUHVVLRQ SDUDPHWHUV 345 6,7\ 
DVYHFWRURIREVHUYDWLRQVDQG 89 :,; <H DVHUURUYHFWRUJLYLQJ

HE  ;\          
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IML       






















 ,Q WKH*HQHUDO(TXLYDOHQFH7KHRUHP WKH HTXLYDOHQFHRI'DQG*RSWLPDOLW\ZDV













S      

PLQLPL]HVWKHDYHUDJHYDULDQFHRIWKHSDUDPHWHUHVWLPDWHV&KHUQRII  $QRWKHU
FULWHULRQ LV FDOOHG9RSWLPDOLW\ VRPHWLPHV ,9RSWLPDOLW\ RU4RSWLPDOLW\  +HUH WKH
FULWHULRQ LV WRPLQLPL]H WKH LQWHJUDWHG SUHGLFWLRQ YDULDQFH RYHU WKH UHJLRQ RI LQWHUHVW 
2IDOOWKHVHVGHVLJQVRQO\'RSWLPDOLW\LVLQYDULDQWXQGHUWKHUHSDUDPHWUL]DWLRQ

 ' DQG* RSWLPDOLW\ DUH WKH FULWHULRQV UHFHLYLQJ WKHPRVW DWWHQWLRQ LQ WKH DSSOLHG
OLWHUDWXUH  )RUIXUWKHUGLVFXVVLRQLWLVQHFHVVDU\WRPDNHDGLVWLQFWLRQEHWZHHQZKDWLV
FDOOHG WKH H[DFW WKHRU\ DQG WKH DSSUR[LPDWH WKHRU\  6XSSRVH WKHUH LV D SUREOHP
LQYROYLQJPD[LPL]LQJDIXQFWLRQRYHUWKHLQWHJHUV6WDQGDUGFDOFXOXVWHFKQLTXHVGRQRW
DSSO\  $ FRPPRQ WHFKQLTXH ZRXOG EH WR H[WHQG WKH IXQFWLRQ GHILQLWLRQ WR WKH UHDO
QXPEHUVXVH FDOFXOXV WR ILQG WKHQXPEHUZKHUH WKHPD[LPXPRFFXUV DQG WKHQDUJXH
WKDW WKHPD[LPXPRYHU WKH LQWHJHUVZLOORFFXUDW DQDGMDFHQW LQWHJHU  7KHDQDORJRXV







 ;;.;D; II        

:KHUH . LV D SRVLWLYH FRQVWDQW VR D GHVLJQ WKDW PD[LPL]HV 
 ;D;I  DOVR
PD[LPL]HV 
 ;;I   6XSSRVHWKDWZHKDYHDQQSRLQWGHVLJQZLWK NQ  REVHUYDWLRQVDW
N[  VR WKDW QQ V  ¦  7KLV RU DQ\ GHVLJQ FDQ EH YLHZHG DVPHDVXUH [  RQ D GHVLJQ
VSDFH ; /HW [  EHDSUREDELOLW\PHDVXUHRQ ; VXFKWKDW

 
   W[[  LIWKHUHDUHWREHQRREVHUYDWLRQVDW W[ 
 Q
Q[ XX  [  LIWKHUHDUHWREH !YQ REVHUYDWLRQVDW Y[ 

)RU GLVFUHWH QSRLQW GHVLJQ [  WDNHV RQ YDOXHV ZKLFK DUH PXOWLSOHV RI Q
  DQG




;[[ t [        

³  Z G[ [         

1RZOHW
³  G[[[P [\\ [ [[  IRUDOO SML  .     





  [        


6LPLODUO\DQRUPDOL]HGJHQHUDOL]DWLRQUHODWLQJWR ÖYDU _\  LV 

> @ 
















00        
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     
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PD[ p[        

ZKHUH S  LVWKHGLPHQVLRQRI  h[0 RUHTXLYDOHQWO\WKHQXPEHURISDUDPHWHUVLQWKH
PRGHO 

)LQDOO\ WKH HTXLYDOHQFH RI 'DQG *RSWLPDOLW\ LV HVWDEOLVKHG LQ WKH *HQHUDO
(TXLYDOHQFH 7KHRUHP RI .HLIHU DQG :ROIZLW]  7KH *HQHUDO (TXLYDOHQFH 7KHRUHP
VD\V ,I I  LV FRQFDYH RQ 0  WKH VSDFH RI GHVLJQ LQIRUPDWLRQ PDWULFHV DQG
GLIIHUHQWLDEOHDW  h[0 WKHQWKHIROORZLQJDUHHTXLYDOHQW

D 7KHPHDVXUH h[  LV I RSWLPDO
E 7KH)UpFKHWGHULYDWLYH 
;[DOOIRU[[0) q d r[s       
F 7KHIROORZLQJHTXDOLW\KROGV 













1RWH WKDW'RSWLPDOLW\ LV HVVHQWLDOO\ D SDUDPHWHU HVWLPDWLRQ FULWHULRQZKHUHDV









,Q H[SHULPHQWDO GHVLJQ WKH GDWD FRYDULDQFH PDWUL[ )) { LV FDOOHG WKH GHVLJQ
PDWUL[7KHOHDVWVTXDUHV/6HVWLPDWHRI 4 LVJLYHQE\ 

\|| ))) 4 } ~         

$VVXPH WKDW )) |  LV QRQVLQJXODU 7KHQ WKH HVWLPDWH 4  LV XQELDVHG DQG WKH
FRYDULDQFHPDWUL[RIWKHHVWLPDWHLVGHWHUPLQHGE\WKHGHVLJQPDWUL[
 > @










        
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PD[        

 
ZLWK 0LN  dd EHLQJ WKHHLJHQYDOXHVRI )) 7RR ODUJH DFRQGLWLRQQXPEHUZLOO




IRUWKHFRQVWUXFWHGPRGHO6SHFLILFDOO\OHW ) EHDFROXPQVXEVHWRI ) UHSUHVHQWLQJD
FRQVWUXFWHG0  WHUPVXEVHWPRGHO$FFRUGLQJWRWKH'RSWLPDOLW\FULWHULRQWKHVHOHFWHG
VXEVHW PRGHO LV WKH RQH WKDW PD[LPL]HV GHW Ł ))  7KLV KHOSV WR SUHYHQW WKH
VHOHFWLRQ RI DQ RYHUVL]HG LOOSRVHGPRGHO DQG WKH SUREOHPRI KLJK SDUDPHWHU HVWLPDWH
YDULDQFHV 7KXV WKH 'RSWLPDOLW\ GHVLJQ LV DLPHG WR RSWLPL]H PRGHO HIILFLHQF\ DQG
SDUDPHWHUUREXVWQHVV

7KH RSWLPDO H[SHULPHQWDO GHVLJQV 
KRZHYHU
 GR QRW SURYLGH PHDQV RI SDUDPHWHU
HVWLPDWHV DQG KDYH WR UHO\ RQ WKH /6RU UHJXODUL]HG/6PHWKRGV IRUPRGHO SDUDPHWHU
HVWLPDWH,WLVVWUDLJKWIRUZDUGWRYHULI\WKDWPD[LPL]LQJ GHW Ł ))  RUHTXLYDOHQWO\




























         


,ZZ::     ¦ ORJORJGHW         

%\ XWLOL]LQJ WKH DGGLWLYH SURSHUW\ RI DERYH HTXDWLRQ WKH 'RSWLPDOLW\ GHVLJQ






7KH 0D[PLQ 'LVWDQFH 0' FULWHULRQ ZDV SURSRVHG E\ -RKQVRQ HW DO IRU




        

*LYHQ D QHZ GDWD VDPSOH [   WKH 0D[PLQ GLVWDQFH DSSURDFK VHOHFWV D QHZ
VDPSOH WKDWKDV ODUJHVWPLQLPXPGLVWDQFH WR WKH H[LVWLQJ VDPSOHV'HILQLQJ   [[G  
DV WKHGLVWDQFHEHWZHHQ DSRVVLEOHQHZVDPSOH  [   DQG H[LVWLQJ VDPSOHV  1L[     
WKHQWKHORFDWLRQRIWKHQHZVDPSOH [   XVLQJWKH0D[PLQDSSURDFKZLOOEHJLYHQE\

(UURU2EMHFWVFDQQRWEHFUHDWHGIURPHGLWLQJILHOGFRGHV  



















$ QHXUDO QHWZRUN LV FRPSRVHG RI QHXURQV VLQJOHXQLW 3HUFHSWURQ ZKLFK DUH
PXOWLSOH OLQHDUUHJUHVVLRQPRGHOVZLWKDQRQOLQHDUW\SLFDOO\VLJPRLGDO WUDQVIRUPDWLRQ
RQ\,IWKHLQSXWVWRHDFKQHXURQDUHGHQRWHG[  [  «[  DQGWKHUHJUHVVLRQFRHIILFLHQWV





¢           

ZKHUH











)LUVWDVHWRISWUDLQLQJGDWDSRLQWVLVDVVHPEOHG^[  \  [ ¤ \  [ ¥ \ ¥ «[  \  `
)RUDQHWZRUNZLWKDVLQJOHRXWSXW\WKHSHUIRUPDQFHRIWKHQHWZRUNLVWKHQGHILQHGDV 

 ¦Ö¦  
§
§§ \\(         

 
:KHUH ¨\Ö  LVWKHRXWSXWWKDWUHVXOWVIURPWKHQHWZRUNJLYHQLQSXW[© DQG(LVGHILQHGDV
WKHWRWDOHUURURIWKHV\VWHP            

 1HXUDO QHWZRUNV DUH EHVW VXLWHG WR DSSUR[LPDWH GHWHUPLQLVWLF IXQFWLRQV LQ
UHJUHVVLRQW\SH DSSOLFDWLRQV 7\SLFDO DSSOLFDWLRQV DUH VSHHFK UHFRJQLWLRQ DQG
KDQGZULWWHQ FKDUDFWHU UHFRJQLWLRQ YHU\ RIWHQ WKH GDWD LV FRPSOH[ DQG RI KLJK
GLPHQVLRQDOLW\1HWZRUNVZLWKWHQVRIWKRXVDQGVRISDUDPHWHUVDUHQRWXQKHDUGRIDQG
















%DVLFDOO\ WUDLQLQJ RI 5%) 11 LQYROYHV VHOHFWLRQ RI WKH KLGGHQOD\HU QHXURQV











NPHDQV FOXVWHULQJ >@ DQG YHFWRU TXDQWL]DWLRQ >@ WR IRUP WHPSODWHV RI WKH LQSXW$Q











WKH FODVVLILHU E\ PLQLPL]LQJ WKH ERXQGV RI WUDLQLQJ HUURU DQG JHQHUDOL]DWLRQ HUURU 
8VXDOO\ WKH FHQWHUV VHOHFWHG XVLQJ 690 DUH FORVH WR WKH ERXQGDU\ RI WKH GHFLVLRQ





GHVFHQW PHWKRG >@ +RZHYHU PRVW QRQOLQHDU RSWLPL]DWLRQ DOJRULWKPV VXIIHU IURP












































    

(TXDWLRQFDQDOVREHZULWWHQDV
Z[Z[ ¯  IK           
ZKHUH











 ¾I ¿H[ À          

ZKHUH WKH SDUDPHWHU9  FRQWURO WKH ³ZLGWK´ RI WKH5%) DQG LV FRPPRQO\ UHIHUUHG DV
VSUHDGSDUDPHWHU  

 :LGWK LV DQ LPSRUWDQW SDUDPHWHU WKDW DIIHFWV FODVVLILFDWLRQ SHUIRUPDQFHV RI 5%)
QHWZRUNV >@  $PRQJ WKRVH DUH WR PDNH DOO WR EH  XQLWDULO\ RU WR EH WKH VDPSOH
YDULDQFHV LQ WKH VXEVHWV RU WR DUWLILFLDOO\ VHW VRPH SDUDPHWHUV XQLIRUPO\ LQ SULRU 
1HYHUWKHOHVV DOO WKH DERYH PRGHV DUH QRW VXLWDEOH  ,I WKH ZLGWKV LV WRR VPDOO WKDQ
SURSHU ZLGWKV ZLOO QRW RQO\ IRUPV ³VROLWDU\ LVODQGV ´ EXW DOVR EH YHU\ SRRU LQ
JHQHUDOLWLHV  2Q WKH RWKHU KDQG WKH ODUJHU WKH ZLGWKV WKH YDJXHU WKH GLVWLQFWLRQV




























Y (PSOR\V D QHWZRUN WRSRORJ\ ZKLFK LV XVHUGHILQHG RQ D SULRUL
EDVLV>@
















7KH GLVDGYDQWDJH RI 5%) QHWZRUNV LV WKDW WKH FODVVLILFDWLRQ HUURU VWURQJO\





,Q WKLV OHDUQLQJ IUDPHZRUN LI WKH QXPEHU RI 5%) LQFUHDVHV WKHQ WKHUH LV QR
JXDUDQWHH RI LPSURYLQJ WKH V\VWHP


















































































 0XFKRI WRGD\¶VHQJLQHHULQJDQDO\VLVZRUNFRQVLVWVRI UXQQLQJFRPSOH[FRPSXWHU
DQDO\VLVFRGHVVXSSO\LQJDYHFWRURIGHVLJQYDULDEOHV LQSXWV(UURU2EMHFWVFDQQRW
EH FUHDWHG IURP HGLWLQJ ILHOG FRGHV DQG UHFHLYLQJ D YHFWRU RI UHVSRQVHV RXWSXWV
(UURU 2EMHFWV FDQQRW EH FUHDWHG IURP HGLWLQJ ILHOG FRGHV 'HVSLWH FRQWLQXDO




















































































































WKH IXQFWLRQDO UHODWLRQVKLS EHWZHHQ [  DQG \  DQG WKHUHIRUH PD\ QHYHU LGHQWLI\ WKH
EHVWVHWWLQJVIRULQSXWYDOXHV

6WDWLVWLFDO WHFKQLTXHV DUH ZLGHO\ XVHG LQ HQJLQHHULQJ GHVLJQ WR DGGUHVV WKHVH
FRQFHUQV7KHEDVLFDSSURDFK LV WRFRQVWUXFWDSSUR[LPDWLRQVRI WKHDQDO\VLVFRGHV WKDW
DUH PXFKPRUH HIILFLHQW WR UXQ DQG WKDW \LHOG LQVLJKW LQWR WKH IXQFWLRQDO UHODWLRQVKLS
EHWZHHQ [  DQG \ ,IWKHWUXHQDWXUHRIDFRPSXWHUDQDO\VLVFRGHLVUHSUHVHQWHGDV

(UURU 2EMHFWV FDQQRW EH FUHDWHG IURP HGLWLQJ ILHOG




Ö [J\   DQGVR       

H \\ Ö             

ZKHUH H  UHSUHVHQWVERWKWKHHUURURIDSSUR[LPDWLRQDQGPHDVXUHPHQWRUUDQGRPHUURUV
7KHPRVWFRPPRQPHWDPRGHOLQJDSSURDFKLVWRDSSO\WKH'HVLJQRI([SHULPHQWV'2(




7KHPHWDPRGHO LV H[SHFWHG WR JLYH WKH ZRUVW SUHGLFWLRQ DFFXUDF\ LQ WHUPV RI DQ
DELOLW\ WR SUHGLFW WKH UHDO V\VWHP LQSXWRXWSXW UHODWLRQVKLSV>@  <HW EHFDXVH
PHWDPRGHOVDUHWKHFKHDSHVWLQWHUPVRIGHULYLQJRXWSXWVIRUDJLYHQVHWRILQSXWVWKH\




























%HORZ DUH WKH SURJUDPPLQJ IORZ FKDUWV 7KH SURJUDPPLQJ LV LVRODWHG LQWR IHZ
VXESURJUDPV7KHILUVWSDUWFRQVLVWVRIFRPSDULVRQEHWZHHQDNQRZQIXQFWLRQDQG(UURU
2EMHFWV FDQQRW EH FUHDWHG IURP HGLWLQJ ILHOG FRGHVLQSXW GDWD DSSUR[LPDWLRQ 7KH











































0HDQ ZKLOH WKH VHFRQG SDUW FRQVLVWV RI 'RSWLPDO SURJUDPPLQJ ZKLFK
LPSOHPHQWHG WKH HTXDWLRQ  Ä [J))[J ÅÅ Æ  LQWR WKH 0DWODE 3URFHGXUHV DUH DV
IROORZV

 &UHDWH Ä Ç)) Å  FUHDWHGXVLQJWKHDERYH 1  VDPSOHVGDWD 
 &UHDWH PDWUL[ (UURU 2EMHFWV FDQQRW EH FUHDWHG IURP HGLWLQJ ILHOG
FRGHVXVLQJWKLVHTXDWLRQ > @ÈÉ[[[[J .Ê   IRU [  LVDOO WKHSRVVLEOH
QHZGDWDLQVSDFH ; 
 &RPSXWH  [J))[J ÈÈ Ç 
 *HWQHZSRLQW





















&UHDWH Ë Ì)) Í  
&UHDWHPDWUL[ [J 
&RPSXWH














 6HOHFW D QHZ SRVVLEOH LQSXW GDWD IURP VSDFH RI (UURU 2EMHFWV FDQQRW EH
FUHDWHGIURPHGLWLQJILHOGFRGHV










































































$QHZ WRRO ER[ VR FDOOHG DV$35; LV FUHDWHG WR SHUIRUP IXQFWLRQ DSSUR[LPDWLRQ
ZKHQ LQSXW DQHZSRLQW LQWR LW0HDQ VTXDUH HUURU LV DOVREHLQJ FDOFXODWHG LQRUGHU WR
























































































SRLQW DW  [  DV VKRZQ LQ WKH )LJXUH  ZKLFK LV WKH PD[LPXP SRLQW DPRQJ WKH
SRVVLEOH'RSWLPDOSRLQW 

&RPSXWHQHZSRLQW  [  LQWRWKHIXQFWLRQDSSUR[LPDWLRQDVVKRZQLQ)LJXUH














0'SURSRVHG WR DGG DQRWKHU SRLQW DW  [ DV VKRZQ LQ WKH)LJXUH 7KH
PHDQ VTXDUH HUURU LV ZKLFK LV WKHPD[LPXP SRLQW DPRQJPLQLPXP GLVWDQFHV
EHWZHHQSRVVLEOH [a  DQGLQLWLDO [ 











DV VKRZQ LQ )LJXUH  ,W LV FOHDUO\ VKRZ WKDW WKH PLQLPXP PHDQ VTXDUH HUURU LV






























7KHPDLQREMHFWLYHRI WKLV UHVHDUFK LV WR VHOHFW 1  VDPSOHV IURPH[LVWLQJGDWD WR














7KLV LV WKH UHDVRQ ZK\ ZKHUH ([SHULPHQWDO 'HVLJQ DSSURDFK LV LPSRUWHG  %\
XVLQJ('DQDSSURSULDWHSRLQWZLOOEHSURSRVHG  $OWKRXJKLWPD\QRW WKHEHVWSRLQW
EXWLWQRUPDOO\JLYHVDQDSSUR[LPDWLRQZLWKVPDOOPLQLPXPHUURU 

7KH EHVW SRLQW FDQ RQO\ FDOFXODWHGZLWK D NQRZQ IXQFWLRQ ,Q WKHZRUN D NQRZQ
IXQFWLRQLVXVHGVRWKDWWKHPHDQVTXDUHHUURUFDQEHFDOFXODWHG%XWLQIDFWLQWKHUHDO
ZRUOG WKH DFWXDO IXQFWLRQ LVXQNQRZQ7KLV LVZK\ WKH IXQFWLRQDSSUR[LPDWLRQFRPHV
LQWRLW ,QWKHRWKHUZRUGV WKHUHLVQREHVWSRLQWGXHWRWKHXQNQRZQIXQFWLRQ  7DEOH






'RSWLPDO (UURU 0D[PLQ (UURU %HVW
3RLQW
(UURU
       
       
       
       
       
       
 
       
       
       
























,W LV SURYHQ WKDW WKH K\SRWKHVLV WKDW XVLQJ([SHULPHQW'HVLJQ WR VHOHFW LQSXW GDWD







x :KHQ'RSWLPDO DQG0' SURSRVH GLIIHUHQW SRLQW ZKLFK SRLQWZLOO
JLYHVEHWWHUUHVXOW























































)LJXUH  ,QSXWGDWD1 





)LJXUH  ,QSXWGDWD1 
7KH PRUH LQSXW GDWD WKH EHWWHU DSSUR[LPDWLRQ LW LV ,Q RUGHU WR SHUIRUP D JRRG
DSSUR[LPDWLRQ D VXIILFLHQW ODUJH DPRXQWRI LQSXWGDWDPXVWEHSURYLGHG+RZHYHU LQ
WKLVOHDUQLQJIUDPHZRUNLIWKHQXPEHUVRI5%)LQFUHDVHE\RQHRUWZRWKHQWKHUHLVQR













'DWD LQ )LJXUH  GLVWULEXWH TXLWH HTXDOO\ DQG KDV PHDQ VTXDUH HUURU RI 
ZKLOHGDWDLQ)LJXUHLQFRQFHQWUDWHLQWKHUHJLRQ  dd [  DQGFDXVHDKLJKPHDQ
VTXDUH HUURU RI   )LJXUH  LOOXVWUDWHG WKH IXQFWLRQ DSSUR[LPDWLRQ UHODWHG WR
LQWHUSRODWLRQSUREOHPZKLOH)LJXUHLVGHDOZLWKH[WUDSRODWLRQSUREOHPZKLFKZLOOQRW
 














3DUDPHWHU 9  FRQWURO WKH³ZLGWK´RI WKH5%)DQG LVFRPPRQO\ UHIHUUHGDVVSUHDG
SDUDPHWHU$VPDOOHU VSUHDGYDOXHZRXOG ILW WKHGDWDEHWWHUEXW OHVV VPRRWK  :HXVH

















$ ODUJHU VSUHDG OHDGV WR D ODUJH DUHD DURXQG WKH LQSXW YHFWRU ZKHUH OD\HU RQH
QHXURQVZLOOUHVSRQGZLWKVLJQLILFDQWRXWSXWV  7KHUHIRUHLIVSUHDGLVVPDOO5%)LVYHU\
VWHHSVR WKDW WKHQHXURQZLWK WKHZHLJKWVYHFWRU FORVHVW WR WKH LQSXWZLOOKDYHDPXFK











)LJXUH  5%)ZLWK6SUHDG 






















 7KLVDOJRULWKPLQYROYHVDVLPSOHUHHVWLPDWLRQSURFHGXUH>@  6XSSRVHWKHUHDUH
1  GDWD SRLQWV Õ[  LQ WRWDO WR ILQG D VHW RI .  UHSUHVHQWDWLYH YHFWRU ÖP 
ZKHUH .M  /   7KH DOJRULWKP VHHNV WR SDUWLWLRQ WKH GDWD SRLQWV ^ `×[  LQWR . 














[- P        









P          

7KHEDWFKYHUVLRQRI.PHDQVEHJLQVE\DVVLJQLQJ WKHSRLQWVDW UDQGRPWRNVHWV
DQG WKHP FRPSXWLQJ WKHPHDQ YHFWRUV RI WKH SRLQWV LQ HDFK VHW  1H[W HDFK SRLQW LV
UHDVVLJQHGWRDQHZVHWDFFRUGLQJWRZKLFKLVWKHQHDUHVWPHDQYHFWRU  7KHPHDQVRI
WKH VHWV DUH WKHP UHFRPSXWHG  7KLV SURFHGXUH LV UHSHDWHG XQWLO WKHUH LV QR IXUWKHU
FKDQJHLQWKHJURXSLQJRIWKHGDWDSRLQWV  ,WFDQEHVKRZQWKDWDWHDFKVXFKLWHUDWLRQ












 [\ SVLQ          

ZKHUH WKHUH LV QR QRLVH  )LJXUH  LOOXVWUDWHV RQH WULDO RI WKH H[SHULPHQW DQG WKH
UHVXOWLVUHFRUGHGLQ7DEOH  

 ,QSXW VSDFH DUH DOO UDQGRP QXPEHU  ,QLWLDO HUURU LQGLFDWHV WKH PHDQ VTXDUH
GLIIHUHQFH EHWZHHQ WKH DFWXDO IXQFWLRQZLWK WKH DSSUR[LPDWHG IXQFWLRQ XVLQJ 1  GDWD
VHW  7KHQWKH 1  SRLQWLVSURSRVHGE\'RSWLPDODQG0D[PLQ'LVWDQFH$SSURDFK 
%HVWSRLQWLVWKHSRLQWZKHUHJLYHVWKHPLQLPXP(XFOLGHDQHUURULQWKHFDOFXODWLRQWKDW
XVHG WKHHQWLUH VSDFHDVSRVVLEOH LQSXW WR WKH5%)11  3RVLWLYH VLJQ LQ UHGXFWLRQRI
HUURU VKRZV WKDW WKH HUURU LV UHGXFHG E\ DGGLQJ WKH QHZ SRLQW ZKLOH QHJDWLYH VLJQ
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                    
,QLWLDODSSUR[LPDWLRQHUURU 
%HVWSRLQW 0D[PLQ 'RSWLPDO 5DQGRP1R3URSRVHG 1  SRLQW
   
%HVWSRLQW 0D[PLQ 'RSWLPDO 5DQGRP1R(UURUZLWK 1  SRLQW
   
%HVWSRLQW 0D[PLQ 'RSWLPDO 5DQGRP1R5HGXFWLRQRIHUURU
   
0D[PLQ 'RSWLPDO 5DQGRP1R3HUIRUPDQFHIRUWULDO
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    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,QLWLDODSSUR[LPDWLRQHUURU 
%HVWSRLQW 0D[PLQ 'RSWLPDO 5DQGRP1R3URSRVHG 1  SRLQW
   
%HVWSRLQW 0D[PLQ 'RSWLPDO 5DQGRP1R(UURUZLWK 1  SRLQW
   
%HVWSRLQW 0D[PLQ 'RSWLPDO 5DQGRP1R5HGXFWLRQRIHUURU
   
0D[PLQ 'RSWLPDO 5DQGRP1R3HUIRUPDQFHIRUWULDO













  1 
                   
                   
                   
                    
,QLWLDODSSUR[LPDWLRQHUURU 
%HVWSRLQW 0D[PLQ 'RSWLPDO 5DQGRP1R3URSRVHG 1  SRLQW
   
%HVWSRLQW 0D[PLQ 'RSWLPDO 5DQGRP1R(UURUZLWK 1  SRLQW
   
%HVWSRLQW 0D[PLQ 'RSWLPDO 5DQGRP1R5HGXFWLRQRIHUURU
   
0D[PLQ 'RSWLPDO 5DQGRP1R3HUIRUPDQFHIRUWULDO














)URP WKH UHVXOWVZH FDQ VD\ WKDW E\ XVLQJ([SHULPHQW'HVLJQ LW SHUIRUPVEHWWHU
WKDQUDQGRPVHOHFWLQSXWZKHUHWKHREMHFWLYHRIWKHSURMHFWLVIXOILOOHG  +RZHYHULWLV
REVHUYHG WKDW WKH SHUIRUPDQFH RI WKH 'RSWLPDO LV XQVDWLVILHG  'RSWLPDO SHUIRUPV
HYHQZRUVHWKDQUDQGRPVHOHFWGDWD  
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 7KLVLVEHFDXVHWKH'RSWLPDOLVDSSURDFKWKDWGHDOZLWKWKHYDULDQFH  9DULDQFHLV
DVWDWLVWLFDOYDOXHWKDWLQGLFDWHVKRZIDUDYDULDEOHLVIURPH[SHFWHGYDOXH  3HDNRIWKH
YDULDQFHFXUYHLQGLFDWHVWKHKLJKHVWXQFHUWDLQW\DQGWKH'RSWLPDOZLOOSURSRVHGDSRLQW
DW WKH SHDN RI WKH FXUYH LQ RUGHU WR UHGXFH WKH XQFHUWDLQW\ UHJDUGOHVV RI WKH GDWD
GLVWULEXWLRQ  'RSWLPDOZLOOWHQGWRSURSRVHDSRLQWZKLFKLVHTXDORUVRPHZKHUHQHDU
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'RSWLPDODSSURDFKLVVWURQJO\GHSHQGHQWRQWKH11VWUXFWXUHDQGIRUGLIIHUHQWVWUXFWXUH
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VDPH DV WKH H[LVWLQJ GDWD VDPSOHV  7KLV FKDUDFWHULVWLF FRQWULEXWHV WR WKH GDWD
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